Abstract. The aim of the present study was to verify whether overexpression of CXC receptor 4 (CXCR4) promotes the invasion and migration of non-small cell lung cancer (NSCLC) via epidermal growth factor receptor (EGFR) and matrix metallopeptidase-9 (MMP-9), and to detect the association between CXCR4, EGFR and MMP-9. The effects of overexpression of CXCR4 on lung cancer cell functions were investigated by migration and invasion assays. Western blotting and zymograph assays were used to analyze the protein expression levels of EGFR and the production of MMP-9, respectively. Immunohistochemistry was applied to analyze the expression of EGFR, CXCR4 and MMP-9 in NSCLC. Statistical analyses were used to detect the associations among EGFR, CXCR4 and MMP-9 in NSCLC. Finally, survival analyses were performed. CXCR4 overexpression enhanced cell motility and invasion. CXCR4 also promoted expression of EGFR and elevated MMP-9 production. CXCR4, EGFR and MMP-9 were highly expressed in NSCLC, and were not identified as associated with age and sex (P>0.05). However, they were associated with tumor differentiation and lymph node metastasis (P<0.05). CXCR4, EGFR and CXCR4 expression were positively associated with one another in NSCLC (P<0.05). In addition, patients with positive expression of CXCR4, EGFR or MMP-9 in tumors exhibited significantly shorter overall survival compared with those with negative expression (P<0.05). In conclusion, CXCR4 overexpression enhanced cell motility and invasion via EGFR and MMP-9. CXCR4, EGFR and MMP-9 were identified as highly expressed in NSCLC, and there was positive correlation among them.
Introduction
Lung cancer is one of the most prominent causes of cancer-associated mortality in the world (1) . Although the molecular network of lung carcinogenesis was partly understood, the high mortality rate has not markedly changed. Of the lung cancer cases diagnosed, ~85% are non-small cell lung cancer (NSCLC), which has a poor prognosis and is difficult to treat (2) . Despite years of research (3, 4) , the survival rate of patients with NSCLC remains poor. Therefore, understanding the pathogenesis of lung cancer is important to those patients with NSCLC.
CXC receptor 4 (CXCR4), considered as the only receptor of stromal-derived-factor-1 (also termed CXCL12), is an α-chemokine receptor (5) . A number of studies have hypothesized that CXCR4 and CXCL12 increase the adhesive ability of tumors, as well as the degradation of the extracellular matrix (ECM) and basement membrane, which is beneficial to the invasion and metastasis of cancer cells (6) (7) (8) (9) . Kim et al (10) reported that LECs promote the migration of CXCR4-positive tumor cells by secretion of CXCL12. In turn, previous studies demonstrated that vascular endothelial growth factor increases the CXCR4 expression of endothelial cells, increases CXCL12 endothelial cell activity, promotes the generation of blood and lymphatic vessels and induces tumor cells to specific organs (11, 12) . Epidermal growth factor receptor (EGFR), a type of transmembrane glycoprotein, exists on the cell surface and is encoded by the proto-oncogene c-erb-B1 (13) . Ligand-mediated EGFR signaling, such as the RAS/extracellular-signal-regulated kinase (ERK) and phosphoinositide 3-kinase (PI3K)/protein kinase B pathways, regulates various cellular processes, including cell survival, death, growth, proliferation and motility (14) . T798M mutations lead to EGFR overexpression or over-activity in breast cancer (15) . Patients with NSCLC who exhibit co-expression of CXCR4 and EGFR achieve a more aggressive clinical progression of cancer (16) .
Furthermore, studies have revealed that two receptors, CXCR4 and EGFR, can enhance the capacity of cell chemotaxis and increase the invasion and metastatic ability of tumors (16, 17) . However, the molecular mechanism by which CXCR4 and EGFR promote invasion and migration remains unclear.
Invasion and metastasis are the main characteristics of tumors and are responsible for the poor prognosis of advanced NSCLC, which involves multiple processes, including the downregulation of adhesion between cells and the ECM and degradation of the ECM, leading to invasion of new tissues and finally resulting in colonization (18) . Matrix metalloproteinases (MMPs) are a large family of zinc-dependent peptidases, which perform important roles in tumor metastasis by degradation of the ECM proteins (19) . MMP-9 is one of the important MMPs highly expressed in lung tumor cells, and its expression is associated with invasiveness, tumor growth and angiogenesis (19, 20) . MMP-9 expression increases in the tissues of various malignant cancers, including lung, breast and head and neck cancers (21) (22) (23) . Positive immunostaining of MMP-9 in NSCLC has an independent prognostic value for the diagnosis of distant metastasis or local recurrence (24) . The present study aimed to detect the association between CXCR4 and MMP-9. The objective of the present study was to verify whether overexpression of CXCR4 promotes invasion and migration of NSCLC via EGFR and matrix metallopeptidase 9 (MMP-9) and to detect any association between CXCR4, EGFR and MMP-9.
Materials and methods

Antibodies.
Monoclonal antibodies against the following were used: CXCR4 (catalog no. ab1760; Abcam, Cambridge, UK); EGFR (catalog no. sc-3049; Santa Cruz Biotechnology, Inc., Dallas, TX, USA); β-tubulin (catalog no. 560340; BD Pharmingen; BD Biosciences, San Jose, CA, USA); and MMP-9 antibody (5G3; catalog no. ab119906; Abcam). All the antibodies were diluted at 1:1,000. Anti-mouse (catalog no. sc-2371; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and anti-rabbit secondary antibodies (catalog no. sc-516087; Santa Cruz Biotechnology, Inc.), conjugated to horseradish peroxidase for immunoblotting or conjugated to fluorescein isothiocyanate, were obtained from Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA.
Cell culture and transfection. The human lung adenocarcinoma A549 cell line (catalog no. 86012804; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was cultured at 37˚C in a humidified atmosphere of 5% CO 2 . Cells were maintained in RPMI-1640 (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 1% penicillin and streptomycin (Gibco; Thermo Fisher Scientific, Inc.). Briefly, for constitutive expression of CXCR4, 5x10 5 A549 cells were transfected using Lipofectamine ® 2000 reagent, with CXCR4 in a pcDNA3 vector (catalog no. 13031; Addgene, Inc., Cambridge, MA, USA), and the stably transfected cells were selected with G418 to yield the CXCR4 cell line. Similarly, the mock-transfected cell line was generated from A549 cells using an empty vector.
For RNA interference analysis, the sequences of the small interfering RNAs (siRNAs) were as follows: CXCR4 siRNA sense, 5'-CCG ACC UCC UCU UUG UCA UTT-3'; negative control siRNA sense, 5'-UUCUCCGAACGUGUCACGUTT-3'. siRNA targeting human CXCR4 was delivered into CXCR4 cells using Lipofectamine ® 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. In addition, the non-targeting (scramble) siRNA pool was used at the same concentration (100 nM) as a control for the RNA interference assays. At 48 h post-transfection (37˚C), cells were subjected to migration and invasion assays as described below or cell lysates were collected and analyzed by western blot analysis.
Migration and invasion assays. In the Transwell migration assay, as previously described (21, 25) , the underside of the Transwell insert (pore size, 8 µm; Costar; Corning Incorporated, Corning, NY, USA) was pre-coated with collagen type I (Col-I, 1 µg/ml) or fibronectin (10 µg/ml). Subsequently, 2x10
5 A549 and CXCR4 cells were loaded onto the upper chamber of the Transwell and the lower chamber was filled with serum-free medium. Cells were incubated for 4 h at 37˚C, fixed with 4% paraformaldehyde for 10-15 min at room temperature and stained with 0.1% crystal violet for 30 min at 37˚C. Non-migrating cells retained on the upper side were removed by wiping with a cotton swab. Cells that had migrated through the filter were counted and averaged from three randomly selected optical microscopic fields (20X objective).
In vitro invasion assays were performed using Transwell inserts (Corning Incorporated), which consisted of cell culture inserts containing 8 µm pore size filters. Briefly, the Transwell inserts were coated with Matrigel (1 mg/ml; BD Biosciences) or Col-I (1.2 mg/ml, Sigma-Aldrich; Merck KGaA, catalog no. SAB4200678), and allowed to gel at 37˚C for 1 h. Subsequently, A549 cells (3x10 5 ) in 200 µl serum-free Dulbecco's modified Eagle's medium (Biowest, Nuaillé, France) were added to the top of the Transwell. Serum-free medium was then added to the lower chamber and incubated for 24 h at 37˚C. Cells were fixed and stained with 0.1% crystal violet as previously. Matrigel and associated cells were removed with a cotton swab. Cells that had penetrated the Matrigel and had reached the underside of the filter membrane were then counted and averaged from 3 randomly selected microscopic fields with an optical microscope (magnification, x200).
Western blotting. The conditioned medium without FBS was concentrated in a 50 ml centrifuge tube. Cells (10 6 ) were extracted using lysis buffer [50 mmol/l Tris (pH 7.5), 500 mmol/l NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 10 mmol/l MgCl2 and complete protease inhibitor mixture (Roche Molecular Diagnostics, Pleasanton, CA, USA)]. Protein concentrations were determined with the bicinchoninic acid protein assay kit (Pierce; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Protein (10 µg per lane) was separated using 10% SDS-PAGE. Following transferal onto nitrocellulose membranes (EMD Millipore, Billerica, MA, USA). Non-specific binding was blocked by the 5% skimmed milk solution at 37˚C for 45 min.
Then proteins were probed with primary antibodies against CXCR4, EGFR or β-tubulin overnight at 4˚C and secondary horseradish peroxidase-coupled antibodies at room temperature for 45 min. Following 3 washes with phosphate-buffered saline, blots were developed using an enhanced chemiluminescence system (GE Healthcare Life Sciences, Chalfont, UK).
Gelatinolytic zymography. Gelatinolytic zymography of MMP-9 activity was performed using SDS-PAGE (7.5% gel) containing 2.56 mg/ml gelatin. A mix of one part sample with one part Tris-glycine SDS 2X Sample Buffer was left to stand for 10 min at room temperature. Gels were run until completion, indicated by the bromophenol blue tracking dye reaching the bottom of the gel, incubated in the zymogram renaturing buffer [2.5% Triton X-100, 50 mmol/l Tris-HCl, 5 mmol/l CaCl 2 (pH 7.6)]. Subsequently, gentle agitation for 30 min at room temperature was performed and the renaturing buffer was replaced with 1X zymogram developing buffer [0.5 M Tris-HCl (pH 7.45), 2.0 M NaCl, 50 mM CaCl 2 , 0.2% Brij-35]. Gels were gently agitated for 30 min at room temperature and fresh 1X zymogram developing buffer was added prior to incubation at 37˚C for 4 h. Staining was performed using 0.5% (w/v) Coomassie Blue R-250 (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) for 30 min. Gels were destained with an appropriate Coomassie Blue R-250 destaining solution (methanol, acetic acid and water, 50:10:40). Areas of protease activity appeared as clear bands against a dark blue background where the protease had digested the substrate.
Patients and specimens. Tissue from surgery was collected from 61 patients from the People's Hospital of Zhangjiajie City (Zhangjiajie, China), who were confirmed by pathological diagnosis of lung cancer without radiotherapy and chemotherapy treatment. The study was approved by the ethics committee of the People's Hospital of Zhangjiajie City and patients provided written informed consent. The study included 36 males and 25 females, whereby 41 individuals were ≥60 years old and 20 individuals were <60 years old. Of these patients, according to the classification standard of the World Health Organization of lung cancer tumor histological grade (26), 16 cases of poorly differentiated carcinoma were identified, as well as 45 cases of well/moderately differentiated carcinoma. Following surgery, the tissues were formalin-fixed and paraffin-embedded. The characteristics of the patients are summarized in Table I .
H&E staining and immunohistochemical technique.
The lesions were visualized with hematoxylin and eosin (H&E) staining. Immunohistochemical analysis for CXCR4, EGFR and MMP-9 was performed with 5-µm formalin-fixed, paraffin-embedded tissue sections using a standard immunohistochemical technique as previously described (27) .
Survival analysis. The duration of overall survival was calculated from the date of first diagnosis of the disease to the date of mortality or the last follow-up. The Kaplan-Meier method was used for survival analysis, and Cox proportional hazards models were used to evaluate the association between the expression of CXCR4, EGFR and MMP-9 and the prognosis of patients with NSCLC. Significant prognostic variables, 
Results
CXCR4 overexpression enhances cell motility and invasion.
To investigate the role of CXCR4 in invasiveness and metastatic potential, CXCR4 was overexpressed in the lung cancer A549 cell line, which normally expresses background levels of CXCR4 protein (28) . The CXCR4 cell line represents a stable population of cells derived by transfection with an experimental plasmid (Fig. 1A) . The migration and invasion ability of CXCR4-overexpressing cells was evaluated, and it was identified that CXCR4 cells migrated faster than the parental or mock controls on Col-I (Fig. 1B) and fibronectin substrates (Fig. 1C) in Transwell assays. The invasive capacity of the cell line through the ECM barrier was then examined. The results demonstrated that CXCR4 cells obtained a marked increase in invasion compared with control cells towards Matrigel (Fig. 1D) and Col-I (Fig. 1E) . Together, these data indicated that CXCR4 expression enhanced motility and invasive ability of lung carcinoma cells.
CXCR4 promotes expression of EGFR and elevates MMP-9 production.
To define the mechanism of CXCR4-enhanced cell motility, critical proteins known to regulate cell migration and invasion were examined. EGFR was identified to be increased in CXCR4 cells compared with controls ( Fig. 2A) . The constitutive expression of EGFR in metastatic tumor cells has previously been demonstrated to be associated with enhanced MMP-9 expression and induction of invasive capacity (25) . In the present study, it was observed that CXCR4-overexpressing cells elevated MMP-9 production compared with controls (Fig. 2B) . To verify the aforementioned results, the effect of CXCR4 knockdown was analyzed by targeting with specific siRNA. The siRNA was efficient in reducing CXCR4 compared with the scramble oligonucleotide (the non-targeting siRNA) (Fig. 3A) . Having confirmed the CXCR4 knockdown, the expression of EGFR and MMP-9 production and the migration and invasion ability of these cells was measured. The data demonstrated that CXCR4 knockdown inhibited the expression of EFGR (Fig. 3A) . At the same time, knockdown of CXCR4 was identified to markedly attenuate MMP-9 production compared with controls (Fig. 3B) . It was also detected that the number of migrating cells following CXCR4 suppression was significantly decreased compared with that of the untreated cells (Fig. 3C and D) . Cell invasion assays with Matrigel barriers and Col-I also demonstrated that suppression of CXCR4 expression significantly reduced the number of invading cells (Fig. 3E and F) .
CXCR4, EGFR and MMP-9 are highly expressed in NSCLC.
A total of 61 patients (36 males and 25 females) were included in the case series. The characteristics of the patients are summarized in Table I . The expression of CXCR4 and EGFR was analyzed by immunohistochemistry in clinical specimens of lung cancer and normal lung tissue. The expression levels of CXCR4, EGFR and MMP-9 were identified to be higher in NSCLC tissues compared with normal lung tissue (Fig. 4) . Out of the total 61 specimens, the rates of positive expression of CXCR4, EGFR and MMP-9 in NSCLC were 69, 76 and 64%, respectively. CXCR4, EGFR and MMP-9 expression in tissues of patients with NSCLC was not associated age and sex (P>0.05), but was associated with tumor differentiation and lymph node metastasis (P<0.05; Table II) .
EGFR, CXCR4 and MMP-9 are positively correlated in NSCLC. Using Spearman's rank correlation analysis, significant association between EGFR and CXCR4 expression was observed (r=0.422; P<0.05; Table III ). The expression of CXCR4 and MMP-9 in the NSCLC group demonstrated positive correlation (r=0.438; P<0.05; Table IV), and the expression of EGFR was also positively correlated with MMP-9 (r=0.328; P<0.05; Table V) . 
Discussion
Lung cancer with high incidence and mortality is the leading cause of cancer-associated mortality in the western world, and the 5-year survival rate of NSCLC is estimated at ~15% (29) . In addition to surgery, chemotherapy is a crucial element of treatment for patients with NSCLC (30) . Therefore, an emerging understanding of the molecular pathways that characterize cell growth, cell cycle, apoptosis, angiogenesis and invasion is of crucial importance to the treatment of patients with lung cancer. Previous studies reported that treating leukemia with a combination of CXCR4 inhibitors and chemotherapeutic agents produced additive therapeutic effects (31, 32) . Overexpression of EGFR is common in head and neck squamous cell carcinoma (HNSCC) (33) . Previous data have presented EGFR as a new target for anti-HNSCC therapy (34) . However, the mechanism of CXCR4 and EGFR-stimulated tumor cell invasion and migration requires to be elucidated.
CXCR4, a seven transmembrane G protein-coupled receptor, is widely expressed in various cell types, including endothelial, epithelial and hematopoietic stem cells, lymphocytes and cancer cells (35) . Previous studies indicated that CXCR4 is involved in cellular proliferation, migration and metastasis of solid tumors in a variety of cancers, including breast, colorectal and gastric cancer (36) (37) (38) . A previous study has demonstrated that the CXCL12/CXCR4 axis is involved in tumor progression, angiogenesis, metastasis and survival (38) .
In the present study, the results demonstrated that CXCR4 is highly expressed in NSCLC and promotes cellular migration and invasion, which is consistent with the aforementioned studies.
EGFR, is a transmembrane glycoprotein and can bind to ligands, including transforming growth factor α and EGF, with its extracellular domains to promote receptor dimerization and activation of a cytoplasmic tyrosine kinase domain (39) . The involvement of EGFR signaling has been demonstrated in various cellular processes ranging from normal growth and differentiation to oncogenesis (40) (41) (42) . Aberrant EGFR as a result of receptor mutation and/or overexpression occurs in NSCLC (43) laryngeal cancer (44) , pancreatic cancer (45). Our previous study indicated that EGFR activation promotes HNSCC cell migration and invasion by inducing an EMT-like phenotypic change and MMP-9-mediated degradation of E-cadherin into soluble E-cadherin (sE-cad) associated with activation of ERK-1/2 and PI3K signaling pathways (25) . In the present study, similar results were obtained (46, 47) . The results of the present study demonstrated that overexpression of CXCR4 can lead to the expression of EGFR and enhance the production of MMP-9, which finally results in elevating cell migration and invasion.
In conclusion, the results of the present study indicate that CXCR4 overexpression enhances cellular motility and invasion via EGFR and MMP-9 in NSCLC. It was also revealed Table II . Association between EGFR, CXCR4 and MMP-9 expression and clinicopathological factors in NSCLC. (36) 14 (74) 16 (38) 6 (27) 25 (64) P-values were calculated using the χ 2 test. EGFR, epidermal growth factor receptor; CXCR4, CXC receptor 4; MMP-9, matrix metallopeptidase-9.
Table III. Spearman's rank correlation analysis of clinical association between CXCR4 and EGFR. that the expression of CXCR4, EGFR and MMP-9 is associated with pathological grading and lymph node metastasis.
EGFR -------------------------------------
MMP-9 ------------------------------------
MMP-9 --------------------------------------
Furthermore, positive correlations were observed among CXCR4, EGFR and MMP-9 in NSCLC. 
